The use of electrical stimulation in clinical practice and in sports medicine has received increasing attention in the literature. Several investigators have examined strength response to electrical stimulation during repeated sessions and reported increased strength of skeletal muscle, 1 " 3 improved muscular contraction among patients after knee surgery, 4, 5 increased girth measurements with training, 1 " 4 and reduced atrophy, that is, prevention of a fall in succinate dehydrogenase (SDH) activity during immobilization. 5, 6 In contrast, some studies using electrical stimulation in repeated sessions have not supported the claims of increased muscular strength 7, 8 or increased girth measurements. 2, 3 Examination of the literature reveals certain common characteristics among studies of electrical stimulation for augmentation of muscular strength. Although many investigators have used electrical stimuli to produce tetanic muscular contractions, the rates have ranged from 33 to 1,000 pulses per second (pps). [1] [2] [3] [5] [6] [7] The study using the fastest (1,000 pps) 7 rate was unsuccessful in augmenting muscular strength, whereas favorable results were reported in studies using rates of 33, 6 50, 3 60, 2 65, 1 and 200 5 pps. Various waveforms-half waves 3 and faradic, 1 surging (trapezoid), 4 and rectangular 6 waves-have all been used successfully. Finally, the intensities of stimuli used may have varied considerably. Several investigators reported using current intensities within their subjects' tolerance [1] [2] [3] 5 ; however, the actual intensities were often not cited or the units of measurement varied (eg, 60 mA 1 and 100 V 5 ), making a common level of current intensity difficult to identify.
Most of the above studies appear to be the result of renewed interest in electrical stimulation following claims attributed to the Russian investigator, Kots. 1, 9, 10 His claims concerning the benefits of electrical stimulation include relieving pain in injured areas, increasing blood flow to local areas, strengthening muscle, increasing muscle size, and facilitating muscle contraction and function. Most of the reported studies designed to produce these results, however, have been performed without benefit of an electrical stimulator similar to that used by Kots.
This study, therefore, was prompted by the following concerns: 1) reports citing favorable effects from electrical stimulation are based on clinical observation rather than on studies with rigid controls; 2) electrical stimulation has been inadequately compared with other approaches of increasing muscular strength and girth; 3) studies have attempted unsuccessfully to augment strength using electrical stimuli at 25 pps 11 or 1,000 pps 7 ; and 4) electrical stimulators of the prototype used by Kots 1 have been unavailable to confirm claims of others who modeled their treatment or research approaches after those of Kots. The purposes of this study were to determine the effects of electrical stimulation with specific characteristics and to compare different resistance training modes (using isometric exercise, electrical stimulation, isometric exercise-electrical stimulation, and no training) on increasing muscular strength and limb girth.
METHOD

Subjects
The 34 subjects completing the study were healthy volunteers. All were informed of the experimental protocol and risks and gave written consent before participating. Five subjects withdrew from the study because of scheduling conflicts or disinterest. Two subjects withdrew because of pain; one developed a patellar tendinitis of the test-training leg, and the other strained his back. Subjects ranged in age from 18 to 32 years, in height from 157.5 to 189.9 cm (62.0-74.8 in), and in weight from 46.8 to 88.9 kg (103.2-196.0 lb) (Tab. 1). All but one subject identified the right lower extremity as dominant.
Practice and Pretest
Before being tested, all subjects participated in two practice sessions to acquaint them with specific testing procedures to be used. Exercises used during the practice sessions consisted of repeated 15-second maximum voluntary isometric contractions (MVC) of the dominant knee extensor muscles, followed by 50-second rest periods, and isokinetic exercises at rates of 100, 200, and 300°/sec. Three separate repetitions were performed by each subject, under each condition, during two practice sessions held on consecutive days. No measurements were taken during these practice sessions.
During the pretest, each subject's weight (kg), height (cm), upper leg girth measurement (cm), and maximum knee moment of force (torque Nm) were obtained. The girth measurement of the subjects' dominant upper leg was taken at a level midway between the greater trochanter of the femur and the proximal border of the patella to accommodate for the various heights of the subjects. Knee torque was tested by means of a Cybex® II dynamometer.* Maximum torque was tested in a static position (o°/ sec) with the hip and dominant knee positioned in 60 degrees of flexion. Maximum dynamic torque was also tested at arbitrarily chosen knee extension rates of 100°/sec, 200°/sec, and 300%ec. Subjects were seated on an adjustable chair with the involved thigh and ankle stabilized by web straps; they held their backs firmly against the backrest (60° of flexion) by their effort to extend their knees and to grasp the handgrips mounted on the sides of the test chair. The axis of rotation of the Cybex® II dynamometer was aligned with the anatomical axis of rotation of the knee. The lever arm of the apparatus was adjusted to accommodate the length of the subject's lower leg.
Torque was assessed during the pretest by determining all subjects' MVC at 0°/sec and maximum isokinetic contractions at rates of 100°/sec, 200°/sec, and 300°/sec. All subjects attempted three maximum contractions at each of the four rates; the largest torque score recorded at each rate was used in the analysis.
In an attempt to standardize motivation of the subjects during pretest, the examiner repeatedly offered verbal encouragement (shouting) while all subjects were trying to develop maximum voluntary muscle contractions. Torque was recorded by a dual channel recorder during each of the three voluntary contractions at rates of 0°/sec, 100°/sec, 200°/sec, and 300°/sec. 
Training and Posttraining Measurement
After the pretest, subjects were assigned randomly to one of four groups. All groups trained isometrically, with each subject positioned as in the isometric pretest. Group C, the control group (n=9), received no experimental training after the practice and pretest sessions. Group E, the exercise group (n=8), performed a series of MVC of the knee extensor muscles during each training session. Group S, the electrical stimulation group (n=8), received a series of electrical stimuli that produced involuntary muscle contraction of the knee extensor muscles during each training session. The contraction sequence for Group S was totally controlled by the timing cycle of the stimulator, and the subjects were instructed not to voluntarily contract muscles being electrically stimulated. Group ES, the isometric exercise-electrical stimulation group (n=9), performed the same exercise routine as Group E but received electrical stimulation concurrently with each voluntary muscle contraction. All training groups performed 10 contractions of 15 seconds, followed by 50 seconds of rest, and completed a total of 15 sessions (3/wk for five weeks). These subjects were instructed to begin each training session with an intensity (load) level of at least 60 percent of their pretest MVC score. This starting level was used in an effort to ensure muscle adaptations from resistance training. 12 Torque developed by each muscle contraction during all training sessions was recorded. Subjects were requested not to alter their normal daily routine during the study.
An Electrostim 180-2 †was used to provide the desired electrical stimuli. The stimulator produced individual 0.1 msec sinewaves at a frequency of 2,500 Hz delivered with 10 msec "on" and "off' bursts of current modulated with a rate of 50 pps. Tetanic isometric muscular contractions lasted for 15 seconds, during which time the current was surged so that peak intensity was reached after 5 seconds and sustained for 10 seconds. At the end of the 15-second current stimulating period, the intensity abruptly declined and was followed by a 50-second rest before the next stimulating period (isometric producing repetition). Intensity was set by the subjects before the start of each training session to produce a torque of 60 percent or more of their pretest MVC score. 12 In each case, the level of torque was verified by the examiner. The stimulus intensities ranged from 26 to 86 mA (.= 45.8 mA) for Group ES and from 37 to 86 mA ( = 55.3 mA) for Group S.
One stimulating electrode was placed proximally over the femoral nerve inferior to the inguinal ligament, and the other electrode was placed distally over the quadriceps femoris muscle (5-7 cm proximal to the upper border of the patella). Circular (13 cm in diameter), flexible conductive rubber electrodes were used, and a moist sponge was placed between the skin and electrode according to the manufacturer's instructions. Groups E, ES, and S preceded each training session with five submaximal muscle contractions (voluntary-E, and/or electrically stimulated-ES, S) as in practice sessions.
After the experimental groups completed training, all subjects, including Group C, were measured for upper leg girth and tested for static and dynamic torque as they were in the pretest. Means and standard deviations were calculated for subject characteristics and performance variables. To compare the relative posttest girth and strength among groups, a one-way analysis of covariance (ANCOVA) 13 was used for each contraction rate. In each case, the covariate was the pretest value. A .05 probability level was used for all tests of statistical significance. Table 2 gives the means and standard deviations for pretest and posttest girth measurements. Analysis revealed that there were no statistically significant differences in the posttest girths among the groups as a result of the training.
RESULTS
Descriptive statistics for pretest and posttest torque scores are given in Table 3 . The results indicated the expected increase in the level of torque developed by the experimental groups in the static position over time. Furthermore, ANCOVA indicated that after adjustments were made for pretest torque values, the static training effects were different among the groups during the posttest (Tab. 4). As shown in Table 5 , post hoc analyses (least significant difference test) using the adjusted least squares means for the posttest static strength results revealed that the experimental groups differed significantly from the control group. No significant differences, however, were found between the three experimental groups at the conclusion of training. In the related dynamic torque tests, there was no evidence of strength changes over time. In addition, no significant changes between pretest and posttest results were found for any of the other three rates of contraction (100, 200, and 300°/sec). The mean percentage of training intensity (TI) was determined by the formula TI = T t /MVC 1 ×100, where T t is mean weekly torque, and MVC 1 is maximum voluntary isometric contraction at pretest. Mean weekly torque (T t ) is the mean of all torque scores for a particular group recorded each training session over the five weeks (10 repetitions ×3 d/wk × 5 weeks = mean of 150 scores). The TI was 119.1 percent for Group E, 88.4 for Group ES, and 66.7 for Group S. The TI by each week of training is illustrated in Figure 1 . Figure 2 represents mean torque developed during a specific repetition (in order of occurrence) for all 15 training sessions. The torque decrement (fatigue curves) over a continuum of repetitions for Group E was 10 percent, for Group S was 21 percent (24% between the 2nd and 10th contraction), and for Group ES was 20 percent.
Most subjects in the training groups reported muscular soreness after the pretest, and some subjects receiving electrical stimulation experienced discomfort concurrent with each contraction throughout the training program. The muscular soreness and discomfort experienced by subjects during this study will be discussed in a separate communication.
DISCUSSION
When posttest mean girth measurements were adjusted for pretest influence by ANCOVA, no significant difference was found. This finding is in agreement with that of Godfrey and co-workers 2 and of Halback 3 but disagrees with the reports of others. 1 ' 4 Muscular hypertrophy from isometric exercise has been reported to be less than that from dynamic resistance training in healthy subjects. 14 Because the electrical stimulation used on all subjects in the above studies produced isometric contractions (at varied limb positions), further study is needed to determine the effectiveness of this treatment mode on muscular size in healthy subjects and in subjects having atrophy. Electrical stimulation has been reported to be beneficial in the treatment of patients with disuse atrophy of muscle, 4 patients who have undergone surgery of the knee, 4, 5 and patients with chondromalacia patellae. 1 The subjects in each experimental group increased their mean static torque after 15 training sessions. The gains were sufficient to make the posttest strength results of these groups significantly greater than those of the control group. Results for the torque gains in the experimental groups using conventional exercise (Groups E and ES) were expected. The gains in isometric torque developed by Group S were impressive. This latter finding reinforces earlier claims that such a passive approach to training will augment strength in normally innervated muscle.
"
5 Electrical stimulation of the type used in this study may become a useful clinical tool for preventing undesirable effects of immobilization.
Group E trained with the greatest mean intensity (119.1% of MVC 1 and achieved the largest net torque gain (104.2 Nm), whereas the lowest mean training intensity (66.7%) and lowest net torque gain (61.7 Nm) were attributed to Group ES. Although Group S trained with the lowest intensity among the experimental groups in this study, it is evident that electrical stimulation without the voluntary contraction efforts of the subject can improve the muscle's capability of increasing strength. Also, the fact that Group ES did not produce mean torque scores above those of Group E confirms a previous report.
11
Stimulus pulse rates affect the tension developed in normal muscle, 15, 16 nd various muscles may have varied responses to the frequency of the stimulation. 15 Muscle strength of the quadriceps femoris muscle appears to be augmented by electrical stimulation when tetanic contractions are produced at rates between 33 and 350 pps. [1] [2] [3] 5, 6, 15 The highest pulse rate of stimuli to which muscle and nerve are able to respond depends on the length of their refractory period. 17 The refractory period may vary according to the muscle or nerve, so tissue having recovery times of 1 to 2 msec will not produce optimum tension in response to stimuli of 500 to 1,000 pps.
18 This condition may also be Wedensky inhibition, a decrease in muscular tension caused by electrical stimulation ex\img\ ceeding certain rates. 19 Thus, a rate of 1,000 pps when applied to various muscles of the upper extremity and shoulder girdle 7 may be too rapid to augment strength, whereas 50 pps (used in this study) seems to be acceptable for increasing torque produced by the quadriceps femoris muscle. Sugai et al studied the adductor pollicis muscle and found that complete fusion of tetanus occurred between 40 and 50 pps in 80 percent of his subjects; rates below 40 pps, however, caused reduced tension because of incomplete fusion of tetanus. 16 The functional characteristics of the quadriceps femoris muscle are similar to those of the adductor pollicis muscle when electrically stimulated by currents with similar pulse frequencies and durations. 20 Electrical stimulators having rates of 50 pps are available to physical therapists for clinical use; however, unless the stimulator has a variable frequency capability, augmentation of torque for muscles other than the quadriceps femoris and adductor pollicis muscles may not occur. This limitation warrants further study.
That no torque gains were recorded at the dynamic contraction rates after isometric resistance training further supports the concept of training specificity. Torque gains were recorded by the experimental groups only at the rate and knee angle at which training was conducted, 0°/sec and 60 degrees of flexion, respectively. This finding is in agreement with the specificity concept for conventional isometric contractions through voluntary effort 21 but has not been reported for muscle training by electrical stimulation.
The results indicate that intensity increased in a linear fashion for each group during the training program (Fig. 1) . Examination of the slope of the lines indicates that the rate of change of intensity is relatively similar for each group. In addition to reflecting training intensities, the plotted mean values also represent the weekly gains in torque. Therefore, recorded mean training torques were confounded by the intensity of training stimuli and the increase of strength with each week of training. The two effects are difficult to separate and therefore were labeled as percentage of training intensity (TI) because subjects were encouraged to train during each session with an intensity at least 60 percent of their pretest MVC. Motivation through verbal encouragement was considered to have played an important role in influencing the training progress, especially when the routine was somewhat unpleasant for Groups S and ES.
Fatigue is expected to follow exercise sessions, particularly if the exercises are strenuous. In the present study, the exercise group exerting a mean of 119.1 percent of their initial MVC during training produced a pattern of 10 percent torque loss between the 1st and 10th repetition (Fig. 2 ). An even greater force decrement (fatigue) occurred among subjects receiving electrical stimulation (Groups S and ES). The electrical stimulation group demonstrated the greatest decrement of torque developed between the 2nd and 10th repetition among the three training groups. Although this decrement is difficult to explain, the authors suspect that some subjects, after setting the current intensity to a level that would produce 60 percent of MVC 1 , found the stimulus unpleasant enough to cause them to cocontract their knee flexor muscles as a diversion from the electrical stimuli. This cocontraction of knee extensor and flexor muscles may have altered the torque for one repetition, but by the second repetition, subjects became tolerant of the stimuli. The pattern for Group S follows a consistent mean torque loss between the 2nd and 10th training repetitions. Because the timing interval of 15 seconds current output and 50 seconds rest was fixed by operational controls of the electrical generator, no further adjustments were made once the subject's current intensity was established before the first training repetition. Further study is needed to determine whether a force decrement would occur if the current intensity was adjusted after each drop in measured torque.
The study was designed to train subjects using a current intensity sufficient to develop 60 percent of pretest MVC. Obviously the 60 percent intensity of MVC 1 only occurred in the first few repetitions of training. Figure 1 shows, however, that on the whole the mean training intensity per week resulted in a value between 57 percent (week 1) and 75 percent (week 5) of MVC 1 for Group S. Because of torque gains occurring during the five-week training period, the percentage of MVC 1 at any one session may have been less than 60 percent of concurrent MVC, which was not remeasured until termination of the program. Training intensity adjustments for the graduated torque gains that occurred during the five-week period were not made during the study.
CONCLUSION
Results of this study support the following conclusions: 1) high intensity electrical stimulation of 2,500 Hz modulated at 50 pps does augment torque when subjects train with isometric contractions under conditions of this experiment; 2) no increase in muscle size (girth measurements) is produced after five weeks of training by isometric exercise, electrical stimulation, or isometric exercise-electrical stimulation; 3) resistance training methods used in this study produced torque gains, but no statistical differences in torque were found among the three modes; and 4) no torque gains were noted when dynamic rates of contraction (100°/sec, 200°/sec, and 300°/sec) were tested after static resistance training.
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